Background: C-reactive protein (CRP) has been evaluated as a risk factor for breast cancer in epidemiologic studies. However, results from prospective studies are inconsistent.
Introduction
C-reactive protein (CRP), a nonspecific acute phase protein produced primarily by the liver, has been widely used as a marker of systemic inflammation (1) . A meta-analysis assessing prediagnostic circulating CRP and overall cancer risk in prospective studies published before 2008 reported a modest positive association [relative risk (RR) per natural log increase, 1.10; 95% confidence interval (CI), 1.02-1.18; ref. 2] and these results have been supported by subsequent prospective studies (3) (4) (5) . In terms of prospective assessments for specific cancers, a consistent positive association for lung cancer (3, (5) (6) (7) (8) (9) (10) , ovarian cancer (11) , and a suggestive positive association for colon cancer (8, (12) (13) (14) have been reported.
Results of the association between circulating CRP and breast cancer risk in prospective studies are inconsistent. The metaanalysis mentioned above reported a nonsignificant increased risk (RR per log unit increase, 1.10; 95% CI, 0.97-1.26) with moderate between study heterogeneity (I 2 ¼ 51%; ref.
2). Of eight subsequent prospective studies (85-706 cases), no significant association was observed in four (3, 4, 15, 16) , whereas a significant or borderline significant, increased risk (with extreme contrast RR, $1.3-2.0), was seen in the remaining studies (17) (18) (19) (20) . Further, elevated circulating CRP levels after breast cancer have been reported to be associated with a worse prognosis in some studies (21) (22) (23) but not others (24, 25) . Despite the inconsistent association in epidemiologic studies, molecular studies suggest that CRP may be involved in breast tumorigenesis (26) . Activation of nuclear factor kappa B leads to increased transcription of genes involved in inflammation, including cyclooxygenase 2 (COX-2). Overexpression of COX-2 results in elevated expression of prostaglandin E2, which can act as an aromatase promoter (27) and thus increase local estrogen production.
Given prior inconsistent results and the modest statistical power in most previous prospective studies, we evaluated prediagnostic circulating CRP levels and risk of incident breast cancer in two large prospective studies, the Nurses' Health Study (NHS) and the Women's Health Study (WHS) . The current analysis in the WHS extends findings from an earlier report (28) by adding 7 years of follow-up and more than doubling the number of breast cancer cases (892-1,919). Finally, to summarize all available data on this association, we conducted a meta-analysis of prior prospective studies and our studies.
Materials and Methods

Study population
Details of the study design of the NHS (29) and the WHS (30) have been reported elsewhere. Briefly, the NHS was established in 1976 when 121,700 U.S. female registered nurses, ages 30 to 55 years, completed an initial mailed questionnaire. The cohort has been followed biennially to update exposure status and ascertain newly diagnosed disease. During 1989 to 1990, 32,826 participants, ages 43 to 69 years, provided a blood sample; each participant arranged to have her blood drawn and shipped via overnight courier and with an ice pack to our laboratory, where it was processed and separated into plasma, red blood cell, and white blood cell components. Breast cancer cases had no previously reported cancer diagnosis before blood collection and were diagnosed after blood collection but before June 1998. A total of 981 cases were identified, with mean time from blood draw to diagnosis of 53.4 months (range 1-106 months). Cases were confirmed by medical record review (99%) or confirmation by the nurse (1%). One to two controls were matched to each case by age (AE2 years), month of blood collection (AE1 month), time of day of blood draw (AE2 hours), fasting status (>8 or 8 hours), menopausal status at blood collection and diagnosis, and postmenopausal hormone (PMH) use at blood collection (yes or no). Covariate data for the NHS were obtained from the biennial questionnaires and the short questionnaire completed at the time of the blood draw.
The WHS is a completed randomized controlled clinical trial initiated in 1992, when 39,876 U.S. female health professionals, ages 45 years and older, were enrolled. The objective of the trial was to evaluate the benefits and risks of low-dose aspirin and vitamin E in the primary prevention of cancer and cardiovascular disease (30) ; results suggest that neither of the interventions decrease risk of cancer or major cardiovascular diseases (31, 32) . Before random assignment, 28,345 participants provided whole blood samples that were sent to the laboratory via overnight courier with an ice pack; samples were separated into plasma, red blood cell, and white blood cell components. When the trial was completed in 2004, 88% of the women agreed to participate in a follow-up observational study. Breast cancer cases were self-reported on mailed questionnaires, sent every 6-months during the first year after enrollment and then annually. Medical records were then obtained to confirm self-reports and only confirmed cases (98% of reported) were included in the analysis. A total of 1,919 cases diagnosed after blood draw and before March 2011 were identified. Covariate data for WHS were obtained from the baseline questionnaire.
In both NHS and WHS, participant deaths were identified by reports from next of kin, postal authorities or by searching the National Death Index. Cause of death was ascertained from death certificates and physician review of medical records and National Death Index reports. Both the NHS and the WHS were approved by the Committee on the Use of Human Subjects in Research at the Brigham and Women's Hospital.
Laboratory assays
Plasmas samples were assayed for high-sensitivity CRP in both studies and CRP levels were measured using a validated immunoturbidometric method (Denka Seiken) in the same laboratory (Dr. Nader Rifai's laboratory at the Children's Hospital Medical Center, Boston, MA, USA). Assays were run in two batches in the NHS and one large continuous batch in the WHS. Case-control pairs in the NHS were assayed together and laboratory personnel were blinded to case, control, or quality control status. The coefficient of variation from blinded, replicate quality control samples were 7.7% and 15.0% in the two batches in the NHS, respectively and less than 7% in the WHS (33) .
Statistical analysis
Statistical outliers were identified using the generalized extreme Studentized deviate many-outlier detection approach (34) and no outliers were found in either of the studies. In the NHS, mean CRP levels of the quality control samples differed by batch (P ¼ 0.002); thus, CRP levels were recalibrated to represent the average CRP distribution across batches as previously described (35) . CRP levels were modeled as quintiles based on the distribution among controls (NHS) or the entire cohort (WHS) as well as in three categories (i.e., <1, 1-3, >3-10 mg/L) based on the cutoff points proposed for cardiovascular disease prevention (36) ; CRP levels >10 mg/L were excluded in the three-category analysis considering possible acute inflammation. All analyses were first conducted separately by cohort; results were then combined using meta-analysis (37) . In the NHS, for the primary analysis, conditional logistic regression was used to estimate RR and 95% CI. In the WHS, follow-up time accrued from the date of randomization until the date of diagnosis of any type of cancer, death, or March 2011, whichever came first and Cox proportional hazards models were used to calculate hazard ratio (HR) and 95% CI. No evidence of violation of proportionality assumption was observed. Both analyses were adjusted for first degree family history of breast cancer, history of benign breast disease, age at menarche, parity and age at first birth, smoking status, alcohol consumption, BMI at blood draw, and physical activity. The WHS was further adjusted for age, randomized treatment assignment, menopausal status, and PMH use. Results from age-adjusted analysis were similar to those from multivariable adjusted, and thus only the latter are shown. Given that the BMI and breast cancer association varies by menopausal status, we tried adding a product term of BMI and menopausal status to better control for BMI. However, adding this interaction term did not alter the association and thus only BMI was included in the multivariable model. Trend tests were performed by modeling the median values of CRP categories as a continuous variable in multivariable models.
We further evaluated the association between circulating CRP and breast cancer risk by tumor estrogen receptor (ER) and progesterone receptor (PR) expression status. Polytomous logistic regression (NHS) or a competing-risk model (WHS) was used to test if the association differed by tumor subtype. We also examined the association stratified by menopausal status, BMI at blood draw and aspirin use (noncurrent vs. current users at blood collection in the NHS and the randomized aspirin assignment groups in the WHS). Tests of interaction were performed using a likelihood ratio test by including an interaction term of the median values of the CRP categories and the stratified variable. For the stratified analyses, unconditional logistic regression models with adjustment for matching factors and other covariates were used in the NHS to maximize statistical power. In addition, to assess if CRP is merely a marker of occult cancer or inflammation, we performed sensitivity analysis by restricting to participants free of any cancer with at least 4 years of follow-up (median of the follow-up time) after blood sample collection in the NHS, whereas in the WHS, given the relatively long follow-up period, the sensitivity analysis was conducted in three strata ( 5, 6-10, 10þ years). Similar analytical approaches for risk of incident breast cancer were applied when assessing risk of fatal breast cancer except that the outcome was fatal breast cancer and nonfatal breast cancer cases were excluded in the NHS or follow-up time was censored at diagnosis in the WHS. For this analysis, death follow-up ended in June 2012 for the NHS and March 2011 for the WHS.
Finally, we performed a meta-analysis. We searched for "Creactive protein" or "CRP" and "breast cancer" and "prospective," and included prospective studies published online until December 2014. We excluded one eligible study in which CRP levels below 10 mg/L were not quantified (38) . In addition, an earlier paper based on data from the WHS (28) was not included since the present WHS includes all prior cases. The relative risk estimates were most frequently reported by quantile or category of CRP; we excluded four studies that did not evaluate CRP as a categorical variable (2, 8, 9, 16) . In total, nine prior prospective studies were included in the meta-analysis, of which five studies included only invasive cases (3, 4, 6, 17, 39) , and four studies included both invasive and in situ cases (refs. 15 and 18-20; Supplementary Table S1 ). Because our data and several of the included studies (3, 4, 19, 20) showed similar results when high CRP levels (e.g., >10 mg/L) were excluded or retained, we did not exclude CRP values higher than 10 mg/L in the meta-analysis. We pooled results of the relative risk of the highest quantile of CRP levels (vs. the reference group) from each study and calculated pooled relative risk using a random effect model (37) . All P values were based on two-sided tests and considered statistically significant if <0.05. Analyses were performed using SAS software version 9.2 (SAS Institute).
Results
In both studies, breast cancer cases and noncases were similar for most of the characteristics except that cases were more likely to have family history of breast cancer and history of benign breast disease (Table 1) . Of note, the proportions were higher in the NHS than the WHS because the information used was updated biennially in the NHS versus a single baseline assessment in the WHS. Compared with the NHS, more women were nulliparous in the WHS although, among parous women, average parity was about 20% higher in WHS. More than 70% of the study population was postmenopausal at blood draw in the NHS whereas less than 60% was postmenopausal at blood draw/randomization in the WHS; among postmenopausal women, those in the WHS were more likely to be PMH users than those in the NHS. The baseline plasma CRP levels were higher in cases than controls (P ¼ 0.05) in the NHS while the levels were similar between cases and noncases in the WHS.
Increasing plasma CRP levels were associated with a suggestively increased risk of breast cancer overall in the NHS (Q5 vs. Q1: RR, 1.27; 95% CI, 0.93-1.73; P trend ¼ 0.02), whereas no significant association was found in the WHS (Q5 vs. Q1: RR, 0.89; 95% CI, 0.76-1.06; P trend ¼ 0.38; Table 2 ). Although a combined analysis of the two studies showed no association overall (Q5 vs. Q1: RR, 1.04; 95% CI, 0.74-1.46; P trend ¼ 0.52), significant between study heterogeneity was observed (P heterogeneity ¼ 0.01). In the NHS only, where circulating estradiol levels were available for a subset of the participants (N ¼ 292), a modest attenuation of the RR was observed after further adjusting for estradiol (e.g., Q5 vs. Q1 RR, 1.19; 95% CI, 0.71-2.02 and RR, 1.10; 95% CI, 0.65-1.87, before and after adjusting for estradiol, respectively). Similar results were observed for risk of invasive breast cancer in each study and the combined analysis. Because women enrolled in the Table 3 ). Associations were not different by tumor hormone receptor status in the WHS (P heterogeneity ¼ 0.86) and no significant association was noted in any tumor subtype.
When plasma CRP levels were modeled using clinical cutpoints, increasing levels were associated with slightly but not significantly increased risk of breast cancer overall (>3-10 mg/L vs. <1 mg/L: RR, 1.26; 95% CI, 0.97-1.64; P trend ¼ 0.10) in the NHS whereas no association was observed in the WHS (>3-10 mg/L vs. <1 mg/L: RR, 1.02; 95% CI, 0.89-1.16; P trend ¼ 0.60). The combined analysis was null (RR, 1.08; 95% CI, 0.93-1.26; P trend ¼ 0.34) with no significant between study heterogeneity (P heterogeneity ¼ 0.17).
The associations between CRP and breast cancer risk did not vary significantly by menopausal status (P interaction ¼ 0.15 and 0.13 in the NHS and WHS, respectively), BMI (comparable P interaction ¼ 0.97 and 0.39), or aspirin use at the time of blood draw in either the NHS or the WHS (comparable P interaction ¼ 0.48 and 0.80; Supplementary Table S2) . When stratified by menopausal status, despite a nonsignificant interaction in the NHS (P interaction ¼ 0.15), a modestly positive association between plasma CRP and breast cancer risk was found among postmenopausal women (Q5 vs. Q1: RR, 1.35; 95% CI, 0.94-1.95; P trend ¼ 0.003); however, increasing CRP levels were associated with a nonsignificant decreased risk in WHS postmenopausal women (Q5 vs. Q1: RR, 0.82; 95% CI, 0.65-1.02; P trend ¼ 0.10; between study P heterogeneity ¼ 0.001). No association was observed among premenopausal women in either study. Although no significant interaction was seen, the CRP and breast cancer association was more pronounced among PMH users: a positive association was observed in the NHS (Q5 vs. Q1: RR, 1.41; 95% CI, 0.82-2.42; P trend ¼ 0.01) whereas an inverse association was seen in the WHS (Q5 vs. Q1: RR, 0.70, 95% CI, 0.53-0.92; P trend ¼ 0.04).
We assessed if the CRP and breast cancer association varied by years of follow-up (Supplementary Table S3 ). In the NHS, the positive association appeared stronger among participants with 5-8 years of follow-up (Q5 vs. Q1: RR, 1.40; 95% CI, 0.93-2.11; P trend ¼ 0.01) whereas no association was found when restricting to cases diagnosed within 4 years. In the WHS, an overall null association was seen among cases diagnosed more than 5 years since baseline CRP measurement whereas a nonsignificant inverse association was observed when restricting to cases diagnosed within 5 years (Q5 vs. Q1: RR, 0.75; 95% CI, 0.53-1.05; P trend ¼ 0.10).
Finally, increasing levels of prediagnostic CRP were significantly associated with increased risk of fatal breast cancer in the NHS (Q5 vs. Q1: RR, 2.50; 95% CI, 0.93-1.73; P trend ¼ 0.02) but no significant dose-response relationship was found in the WHS (Q5 vs. Q1: RR, 1.12; 95% CI, 0.52-2.42; P trend ¼ 0.97; between study P heterogeneity ¼ 0.03; Table 2 ).
In the meta-analysis of 11 prospective studies, a modest but statistically significant increased risk of breast cancer was observed among women in the highest CRP exposure group (highest vs. ), age at menarche (<12, 12, 13, >13 years), parity and age at first birth (nulliparous, 1-2 children and <25, 1-2 children and 25-<30, 1-2 children and !30, >2 children and <25, >2 children and !25 years), alcohol (none, >0-<5, 5-<10, !10 g/d, missing), smoking (never/former/current), and physical activity (quartiles of weekly recreational activities mets-h/wk). Matching variables were age, month of blood collection, time of day of blood draw, fasting status, menopausal status at blood collection, and diagnosis and PMH use at blood collection. b Adjusted for the same variables in footnote a and age (continuous), randomized treatment assignment (aspirin vs. placebo, vitamin E vs. placebo, and b-carotene vs. placebo), menopausal status, and PMH use (premenopausal, postmenopausal without hormone use, postmenopausal with hormone use, unknown or missing).
lowest category: RR, 1.26; 95% CI, 1.07-1.49; Fig. 1 ). However, moderate between study heterogeneity was observed (I 2 ¼ 45%; 95% CI, 0%-80%).
Discussion
In the nested case-control study in the NHS, we found a modestly increased risk for overall, invasive, and hormone receptor positive breast cancer among women with the highest plasma CRP levels. However, in the WHS, no association was observed for both all cases combined and in the various case subgroups. The meta-analysis of prior prospective studies along with the NHS and the WHS showed a modest, statistically significant, positive association among women in the highest exposure group, but with moderate between study heterogeneity.
Of the 11 prospective studies contributing to the meta-analysis, the combined NHS and WHS provided 53% (2,862/5,371) of the total breast cancer cases. Five studies were not included in our meta-analysis because they did not use a high sensitivity CRP assay (38) , or because the relative risk estimate needed was not available (2, 8, 9, 16) . More specifically, one study with 1,241 breast cancer cases was conducted before the availability of the high-sensitivity assay, thus circulating CRP levels less than 10 mg/L were not measured precisely (38) . They found that, compared with CRP <10 mg/L, increasing CRP levels were associated with a nonsignificantly decreased risk. Because we aimed to assess chronic low-grade inflammation and breast cancer risk, we excluded this study from the meta-analysis. Of the other four studies excluded, two reported a nonsignificant positive association (RR, 1.16-1.32 per unit increase in SD or natural log CRP; refs. 8 and 9) and another two found a null association (2, 16) . However, exclusion of these studies would not significantly change the meta-analysis results given their small sample size (total number of the cases of the four studies: 395). Among the prospective studies included in the meta-analysis, in addition to the NHS, four other studies reported a significant, modest to moderate, positive dose-response relationship (6, 17, 19, 20) . The remaining reported either no association (3) or a nonsignificant or borderline significant positive association only among the highest CRP exposure group (4, 15, 18, 39) .
We did not find consistent results between the WHS and NHS and these differences were statistically significant in some analyses. There are several possible reasons for this heterogeneity. First, differences in characteristics of the study populations may have contributed. The NHS had a higher proportional of postmenopausal women than the WHS, and, among postmenopausal women, WHS women were more likely than NHS women to use PMH. However, when stratified by menopausal status, results P value for test between study heterogeneity of the trend. d Adjusted for the same variables in footnote a except that parity and age at first birth was adjusted as 0-2 children and <25, 1-2 children and 25-<30, 1-2 children and !30, >2 children and <25, >2 children and !25 years.
similar to the primary analysis remained in postmenopausal women in the NHS and the WHS, respectively whereas no association was observed in premenopausal women in both studies. Further, the association did not significantly vary by PMH use in both studies. In addition, the major factor correlated with CRP levels in this analysis was BMI (Spearman r ¼ 0.35-0.40); other factors that slightly correlated with CRP included age, PMH use, and physical activity. The distribution of all these factors, expect PMH use, was similar between the two cohorts, and all the factors related to CRP were adjusted in the multivariable models. Second, the NHS had a shorter mean follow-up time after baseline CRP measurement than the WHS (average 4.5 and 8.5 years in the NHS and the WHS, respectively). However, results still varied by cohort when stratified by follow-up years. Finally, considering the large number of participants in both studies (especially WHS), any inter-and intralaboratory differences may result in differential measurements of CRP over time. However, plasma CRP levels in both studies were measured using high sensitivity assay by the same laboratory, making the assay an unlikely source of the different results. Furthermore, given that the assigned interventions in the WHS (i.e., aspirin and Vitamin E) may influence CRP levels, it is possible that the baseline CRP may not necessarily reflect the levels after treatment. However, an earlier report of data from the randomized phase observed no association between CRP and breast cancer when stratified by either aspirin or Vitamin E treatment (28) . In addition, in our assessment incorporating data during the observational follow-up period, there was again no interaction between the aspirin treatment and CRP in breast cancer risk. Taken together, the source(s) of heterogeneity between these two cohort studies of female health professionals is not clear. Interestingly, the moderate between study heterogeneity in the meta-analysis appeared to be largely driven by WHS since no evidence of between study heterogeneity was found (I 2 ¼ 0%; 95% CI, 0%-66%) after excluding data from WHS.
The major strengths in our study include the prospective design, a large number of breast cancer cases, the detailed assessment by tumor hormone receptor status and the consistency in CRP assays across study. However, there are also several limitations. First, only a single measurement of CRP was available in each study. However, the intraclass correlation coefficient for CRP over a 4-year period was reported as 0.67 (40) , suggesting that one measurement reasonably reflects relatively long-term exposure. Supporting this assertion is the positive association between CRP and heart disease in both of the cohorts (41, 42) ; when comparing the highest to the lowest quintile, the RR of a first cardiovascular event in the WHS was 2.3 (95% CI, 1.6-3.4; P trend <0.0001) and the RR of coronary heart disease in the NHS was 1.6 (95% CI, 0.8-3.1; P trend ¼ 0.08). Second, other commonly measured inflammatory markers, such as interleukin-6, tumor necrosis factor a, or adipokines, were not available; incorporating additional inflammatory markers may provide insight into the independent and joint effect of CRP with other inflammatory markers in breast cancer etiology. Finally, circulating CRP has been considered to reflect a systemic inflammation but might not necessarily measure local tissue inflammation. A recent study reported a modest correlation between plasma and normal breast tissue (r ¼ 0.2-0.4) for leptin and adiponectin levels, respectively (43) .
As there is some evidence of biological interaction between pathways of inflammation and estrogen synthesis (44) , simultaneous evaluation of biomarkers reflecting inflammation and estrogen levels may provide further insights into the role of inflammation in breast cancer etiology. In one of the studies included in the meta-analysis and a subset of the NHS (18), estrogen levels were also included in the model in addition to other covariates; the association with CRP in each study was attenuated, but remained suggestively positive. Interestingly, a recent study reported an independent association between CRP and benign proliferative breast disease, a putative breast cancer precursor, after controlling for circulating estradiol, insulin, and adiponectin (45) .
In conclusion, our two studies, currently the largest prospective studies that have evaluated the CRP and breast cancer association, did not together support an important role of circulating CRP in the development of breast cancer overall, or by tumor hormone status. However, in a meta-analysis that combined results across 11 prospective studies, a modest, but statistically significant, positive association was observed for total breast cancer. Future prospective studies evaluating multiple biomarkers involved in estrogenic, adiposity, and inflammatory pathways are warranted to better understand the underlying mechanism of chronic inflammation in breast cancer etiology. In addition, future studies that examine inflammatory markers in breast tissue in addition to circulating levels may be more relevant and could provide additional etiologic insights. 
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